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Abstract 
Finite element analysis (FEA) techniques have been successfully integrated into the development of a variety of sports 
products, such as athletic footwear, for many years. This paper reports on the possibility of using FEA to assist the development 
of technical apparel, specifically compression garments. Of particular interest to the pattern engineer and developer are the strain 
in the garment fabric and the compression given to the wearer. FEA of apparel presents some unique challenges due to the nature 
of the materials involved and the complex interaction between body and garment. Two dimensional fabric pieces are assembled 
into a three-dimensional garment in a process akin to sewing. A three dimensional scanned body provides the form around which 
the garment is virtually assembled and analyzed. Simulated distributions of material strain and pressure on the body are 
presented. Results of simple simulations are validated against experimental evidence from studies using an optical strain 
measurement system. Good correlation is evident between simulated and experimentally measured strain on the garment. The 
ability to simulate garment surface strain and pressure against the body prior to the manufacture of a physical garment is 
anticipated to be of significant benefit to pattern engineers and garment developers. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Typically in garment construction, fabric is cut using patterns into pieces that are then assembled using processes 
such as sewing into a finished garment. Rodel et al [1] stated that current procedures for pattern development are 
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multi-step and involve too many personnel and too much time and cost due to the largely iterative, trial and error, 
approach. The work described in this paper addresses the need to use virtual garments that accurately represent the 
geometry of their real counterparts.  
This work was done by using patterns which are identical to those used to manufacture real garments for virtual 
fabric pieces. There are many difficulties in joining seams of flat 2D pattern pieces to assemble a complete 3D 
garment. Because the sides of corresponding seams do not necessarily match like two pieces of a jigsaw, they cannot 
be controlled as a whole and brought together by one boundary condition or load. Using real garment patterns will 
enable the pattern engineer to use the results of the simulation to adjust the patterns and change the fit of the 
garment. The finite element analysis (FEA) software package Abaqus Explicit from Dassault Systemes, Vélizy 
Villacoublay, France will be used for simulation throughout the project and as such the terminology used in Abaqus 
will be used herein.  
2. Methods 
2.1. Preparation 
Patterns used in this project were created using the design software Accumark made by Gerber Technology, 
Tolland, USA and can be exported as a 2D DXF drawing. The garments were then imported to HyperMesh made by 
Altair Engineering, Troy, USA as a series of lines; an example of a compression garment short sleeve pattern is 
shown in figure 1. The geometry was created as a series of dots and lines for two purposes; to be plotted and used as 
a guide for a seamstress to cut around and for export to a laser cutter to do the same job. The 2D drawings were not 
intended to be opened in any computer aided engineering (CAE) package and thus are not ideal; many lines are 
repeated or overlap which can cause problems with surface creation, which if left unchecked will cause an imprecise 
geometry error in Abaqus which may not allow a mesh to be created on the part. 
Descriptions, guiding lines and tolerances used by the seamstress must also be removed before a surface can be 
created in HyperMesh. Care must be taken to utilize notches in the garment design to ensure the pattern edges are 
aligned as they would be under stitching. The surfaces of each pattern piece were exported from HyperMesh as an 
IGES geometry file. 
The mesh for the pattern pieces was created in Abaqus; allowing the mesh to be changed at a later date without 
affecting other parts of the assembly. A type of 2D shell element known as a membrane element was used for the 
garment model. Shell elements can be used to represent 3D parts where the thickness of the part is significantly 
smaller than the other two dimensions and where the stresses in the thickness direction can be neglected [2]. If the 
part fits this description the use of shell elements offers a large reduction in computational cost over standard 
continuum 3D elements. Membrane elements are a type of shell element that only have strength in the element’s 
plane and offer no bending stiffness. They are typically used to model thin fabrics, rubbers or stiffening components 
of solid structures and were found to model the fabric’s behaviour very well. An example of a mesh created on a 
compression t-shirt front section is shown in figure 2. 
Figure 1 - Pattern of a compression t-shirt sleeve
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2.2. Material models 
The fidelity of Abaqus predictions are reliant on accurate material models. Abaqus required the section thickness 
and density of the elastane fabric material to be measured and a uniaxial tensile test to be performed. To avoid 
crushing the material whilst measuring thickness a Taylor-Hobson Talysurf CLI 2000 non-contact optical measuring 
system with accuracy of around 3 microns was used. Density was calculated by cutting samples of a known size and 
using a Stanton Unimatic balance to find the mass of the material to within 0.0001g. 
An Instron 5569 uniaxial tensile test machine was used to calculate tensile stress against strain data for the 
material. The material samples were stretched to 100% strain through 5 cycles with the data being taken from the 5th
cycle to allow for relaxation of the material. The material was also tested for anisotropy, with samples being cut at 
15° intervals between 0 and 90°.  The variation in the stiffness of the material was not found to vary significantly 
with sample orientation. The material was therefore assumed to be isotropic, enabling a hyperelastic model to be 
used.  
The body geometry used in this paper was produced using a TC2 NX12 body scanner, which produces a series of 
dots in space known as a point cloud. The point cloud was converted into a surface using the CAD software 3-Matic 
produced by Materialise of Leuven, Belgium. For the purposes of this paper the body geometry was defined as a 
rigid body within Abaqus. 
2.3. The Fitting Process 
Each part required to run the simulation was brought into the assembly module as an instance, for example there 
are two instances of the sleeve section in the assembly. The garment instances were positioned using the translate 
and rotate commands in Abaqus as shown in figure 3. The pieces were positioned as close to the body and their final 
position as possible to make the fitting process simpler. 
Figure 2 - Elements created on a compression t-shirt front panel
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Some initial positioning of the garment pieces took place before a force was used to pull together the 
corresponding sides of adjacent pattern pieces. For example, the sides of each sleeve were positioned around the arm 
before the force was applied. Garments were then brought together in stages to further ease the fitting process and 
avoid unwanted crumpling of the fabric or overlapping of garment sections. 
When the boundary conditions were applied and outputs requested, the simulation was submitted to the solver. The 
time required to solve a job is dependent on the complexity of the simulation and the processing power of the 
computer used; on a workstation running a quad-core 2.66GHz CPU with 3GB of RAM fitting a garment to a rigid 
body takes under five minutes. The process for creating a virtual prototype is summarized in figure 4.
Figure 3 - Positioning of instances in the assembly for a compression t-shirt
Figure 4 - Flowchart showing summary of the process
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3. Results 
3.1. Field Outputs 
Field output data was requested at intervals throughout the simulation before the job was submitted. The outputs 
were then generated at each node in the model or for the selected regions during the processing. Once the processing 
was complete the field outputs were used for visualization over the deformed model. The visualization may be a 
contour or a symbol plot and example outputs include stress, strain and contact pressure 
Strain is an important output for the pattern engineer to know where more or less fabric is needed in the design. 
Of interest was maximum strain for each point on the garment and the direction of strain. Figure 5 shows how; using 
finite element analysis, the strain could be viewed in 3D across the entire garment. This provides valuable 
information for assessing fit and performance of the garment  
Contact pressure was an important consideration if the compression garment is to provide physiological benefits 
to the wearer. In Abaqus it could be displayed for each node on the body and the garment giving a pressure map 
across the body. The data can be readily converted to the milligrams of mercury measure used commonly in the 
industry for easy comparison with old garments. Figure 5 shows the contact pressure underneath a compression t-
shirt.  
3.2. Validation 
All of the results from Abaqus were predictions based on the material data, boundary conditions and other factors 
which were written to the job input file. It was important to perform validation tests to ensure the predictions could 
be trusted.  
Figure 5 - Field data output showing garment strain (a) and contact pressure (b) 
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Aramis, made by GOM of Braunschweig, Germany, is a non-contact optical strain measurement system. The 
software is able to track a pattern, usually a contrasting speckle pattern through a series of images or a video. For the 
purposes of this study a black speckle pattern was applied to a white garment using a plastic bristled brush. When 
the garment is stretched, the way the pattern deforms is used by the software to calculate strain. Figure 6 shows a 
visual comparison of strain on the simulated garment with the measured Aramis result. A good correlation is seen 
between experiment and simulation. 
4. Conclusions 
Work described in this paper has investigated the possibility of using FEA to evaluate fit of real garments on a 
scanned human. A procedure has been created that enables patterns, identical to those used to cut fabric to make real 
garments, to be assembled virtually. This has made it possible for a designer and pattern engineer to visualize how a 
concept will look before having to make prototypes, thus reducing waste and shortening the development cycle.  
Validation work has shown that the simulations in Abaqus have provided good predictions for the behavior of 
fabric. The Aramis optical strain measuring system is able to provide a very similar output to FEA visualization 
allowing for easy comparison. 
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Figure 6 - Visual comparison of t-shirt strain, (a) Aramis measurement (b) Abaqus prediction
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